In this study, we report that eukaryotic topoisomerase I (top1) can linearize the open circular DNA of duck hepatitis B virus (DHBV). Using synthetic oligonucleotides mimicking the three-strand flap DR1 region of the DHBV genome, we found that top1 cleaves the DNA plus strand in a suicidal manner, which mimics the linearization of the virion DNA. We also report that top1 can cleave the DNA minus strand at specific sites and can linearize the minus strand via a non-homologous recombination reaction. These results are consistent with the possibility that top1 can act as a DNA endonuclease and strand transferase and play a role in the circularization, linearization and possibly integration of viral replication intermediates.
INTRODUCTION
Hepadnaviruses have an open circular (OC) DNA genome in which the 5′ ends of the plus and minus strands are determined by the specific replication mechanism (1-3) (Fig. 1A) . Upon entry into a hepatocyte, OC DNA from the viral nucleocapsid is presumably transferred to the nucleus. Once in the nucleus, the viral DNA is found as a covalently closed circular (CCC) DNA (4, 5) , which serves as the template for transcription of viral messenger RNAs and pregenomic RNAs (Fig. 1A, right) . The mechanism of conversion from OC DNA to CCC DNA in the nucleus is unknown. However, the conversion process can be explained by a mechanism utilizing cellular DNA modifying enzymes. The conversion would require: (i) removal of the terminal protein (TP) from the 5′ end of the minus strand; (ii) removal of one copy of the terminally redundant segment (termed 'r' on the minus strand DNA), followed by ligation of the minus strand; (iii) removal of the RNA primer from the 5′ end of the plus strand; and (iv) completion of the plus strand ligation (Fig. 1A) .
Eukaryotic topoisomerase I (top1) is a multifunctional enzyme that regulates DNA topology during transcription and DNA replication and can act as a recombinase (6, 7) . Mechanistically, top1 catalyzes a change in the topological state of duplex DNA by concerted single-stranded cleavage and religation of the phosphodiester backbone (8) (9) (10) . It has also been shown that top1 can irreversibly cleave DNA. In this case, the religation step of the reaction is prevented, due to dissociation of the DNA 3′ from the cleavage site. Such irreversible cleavage by top1 has been observed when the substrate is either single-stranded with the potential to base pair (11, 12) or when the cleavage site on the scissile strand is located in the vicinity of a nick, gap or single-stranded branch (13) (14) (15) (16) (17) (18) . Such substrates that support cleavage without concomitant religation lead to aborted products also referred to as suicide products, and have proven very useful in uncoupling the cleavage and religation half reactions of top1 (15) (16) (17) (18) (19) (20) .
Though no absolute sequence specificity has been found for top1, preferred cleavage sites have been identified (21) (22) (23) (24) . A highly preferred cleavage site, called the hexadecameric sequence, has been found in the non-transcribed spacers flanking the extrachromosomal rRNA genes of Tetrahymena (21) . Interestingly, a DNA sequence in the plus strand of duck hepatitis B virus (DHBV) DNA, spanning nt 2519-2531, was homologous to 13 out of 16 nt of this hexadecameric sequence (Fig. 1D ). This homologous sequence partially spans the terminally redundant 'r' segment of the DHBV minus strand.
OC DHBV DNA represents a potential substrate for top1 which is abundant in the nucleus of the infected cell. A top1 cleavage has been previously identified in plus strand DNA opposite to the nick in the minus strand (25) . Because studies utilizing synthetic DNA substrates indicate that top1 can resolve branched structures in DNA (13) (14) (15) 19) , we reasoned that top1 might exhibit similar activity on OC DHBV DNA. The existence of such reactions could have important implications for the processing of viral DNA into CCC DNA molecules in the nucleus of infected cells.
In this report, we have studied the activity of top1 on purified DHBV DNA isolated from DHBV virus particles which are believed to be transported into the nucleus to establish infection. We also used synthetic oligonucleotides that mimic the threestrand flap region comprising the minus strand termini. We report that top1 can remove the three-strand flap region of viral DNA by cleavage and religation of the minus strand. We also show that top1 can linearize the viral DNA by suicidal cleavage of the plus strand in the three-strand flap region. The possible consequences of these opposing in vitro activities on viral replication are discussed.
MATERIALS AND METHODS

Cell culture
Chicken hepatoma cell line LMH-D2 was the generous gift of Drs T.-T. Wu and W. S. Mason, Fox Chase Cancer Center, Philadelphia, PA. This cell line was derived from the cell line LMH by transfection with a wild-type DHBV construct (26) . The cell line was grown in DMEM-F12 medium (Gibco) supplemented with 10% fetal bovine serum and 200 µg/ml G418 to select for cell resistance to the Neo gene cotransfected with DHBV DNA.
Purification of DHBV virion DNA
DHBV virion DNA was purified from the media of LMH-D2 cells, which secrete wild-type DHBV virions (26) . The procedure used was a modification of the protocol published by Pugh et al. (27) . Briefly, medium was collected and clarified by centrifugation (2000 r.p.m., 10 min). Viral particles were precipitated with 0.35 M NaCl and 6.5% PEG 8000 for 30 min at 4_C and collected by centrifugation (8000 r.p.m., 15 min). The viral pellet was resuspended in Tris-HCl, pH 7.9, 6 mM MgCl 2 , and incubated with 100 µg/ml DNase I for 10 min at 37_C. Thereafter, 3 vol of SDS/Pronase lysis buffer was added (25 mM Tris-HCl, pH 7.5, 10 mM EDTA, 100 mM NaCl, 0.5% SDS, 0.5 mg/ml pronase) and incubated overnight at 37_C. After phenol extraction, viral DNA was alcohol precipitated with wheat germ RNA as carrier and dissolved in TE buffer.
Topoisomerase I-mediated cleavage of DHBV DNA purified from DHBV virions
In order to study the time-course of topoisomerase I-mediated linearization of DHBV DNA, 1 ng of DHBV DNA was mixed with 200 U human top1 (a kind gift from Ole Westergaard) in a 50 µl reaction volume, containing 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 50 mM NaCl, 0.1 mM DTT, 0.1 mM spermidine, 0.1 mg/ml BSA, 10% glycerol. The samples were incubated for various times at 37_C. To determine the top1 cleavage pattern on DHBV DNA, samples of the reactions were stopped by the addition of NaCl to 0.5 M or SDS to 1%. After 30 min, SDS was added to the reactions which were initially stopped by NaCl. All samples were treated with pronase (1 mg/ml) for 1 h at 37_C, followed by alcohol precipitation and centrifugation. Viral DNAs were dissolved in TE buffer and fractionated by electrophoresis through a 1.2% agarose gel, followed by Southern blotting and hybridization with a full-length 32 P DHBV probe.
Topoisomerase I reactions with oligonucleotides
HPLC purified oligonucleotides were purchased from The Midland Certified Reagent Company (Midland, TX). [α-32 P]cordycepin 5′-triphosphate and [γ-32 P]ATP were purchased from New England Nuclear (Boston, MA); polyacrylamide from Bio-Rad, Inc. (Richmond, CA). 3′ labeling was performed using terminal deoxynucleotidyl transferase (Stratagene, La Jolla, CA) with [α-32 P]cordycepin as described previously (13) . 5′ labeling or phosphorylation was performed using 10 U of T4 polynucleotide kinase from Gibco BRL (Grand Island, NY) in the presence of 1 mM ATP for 1 h at 37_C and stopped by a 10 min incubation at 70_C. Labeling mixtures were subsequently centrifuged through a G25 Sephadex column to remove unincorporated nucleotide. Radiolabeled single-stranded DNA oligonucleotides were annealed to the same concentration of unlabeled complementary strand(s) in 1× annealing buffer (10 mM Tris-HCl, pH 7.8, 100 mM NaCl, 1 mM EDTA). Annealing mixtures were heated to 95_C for 5 min and slowly chilled overnight to room temperature. DNA oligonucleotides (∼50 fmol per reaction) were incubated with 5 U of human recombinant top1 (16) for 15 min (unless otherwise indicated) at 25_C with or without CPT in standard reaction buffer (10 mM Tris-HCl, pH 7.5, 50 mM KCl, 5 mM MgCl 2 , 0.1 mM EDTA, 15 µg/ml BSA). Reactions were stopped by adding either SDS (final concentration 0.5%) or NaCl (0.5 M for 30 min at 25_C followed by addition of 0.5% SDS). 3.3 vol of loading buffer (98% formamide, 0.01 M EDTA, 1 mg/ml xylene cyanol and 1 mg/ml bromophenol blue) were added to the reaction mixtures before loading. 16% denaturing polyacrylamide gels (7 M urea) were run at 40 V/cm at 50_C for 2-3 h and dried on 3MM Whatman paper sheets. Imaging and quantitations were performed using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA). Sequencing of the recombinant products was performed by using the Maxam-Gilbert purine sequencing protocol (28) .
RESULTS
Hepadnavirus virion DNAs are structurally unique in many ways. The ends of the minus strand contain a tandem duplication ( Fig. 1A-C ). The 9 nt duplicated segment, designated 'r', confers a three-strand flap structure to the virion DNA in that region. This region is critical for viral replication since it contains the site for base pairing of minus strand DNA primers (which are initiated within epsilon and translocated to DR1) and elongation of minus strands from those primers (29) . Due to the limited coding capacity of the hepadnavirus genome, the virus depends on cellular enzymes for the multiple structural modifications needed for replication. Therefore, our identification of a nucleotide sequence in the 'r' region of DHBV DNA with sequence homology to the highly preferred top1 'hexadecameric' cleavage site (21) , suggested that DHBV might utilize top1 to carry out structural alterations in the DR1/r region.
Linearization of DHBV virion DNA by mammalian topoisomerase I
The potential top1 cleavage site in the hexadecameric sequence corresponds to cleavage on the 3′ side of DHBV nt 2528 of the plus strand ( Fig. 1 ). Since nt 2528 is opposite to the nick in the minus strand, cleavage of plus strands at 2528 could lead to linearization of the viral DNA. Alternatively, cleavage at the same site after CCC DNA formation would relax the CCC DNA molecule.
In order to determine the overall effect of top1 cleavage on DHBV virion DNA, we incubated DNA isolated from DHBV virions with eukaryotic top1. Virion DNA preparation included a pronase step to remove the terminal protein bound to the 5′ end of the minus strand. After incubation for various times with human recombinant top1, aliquots were removed and the reaction was stopped by the addition of 1% SDS or 0.5 M NaCl (final concentrations), followed by an additional pronase treatment to remove any top1 molecules covalently bound to DHBV DNA. Reaction products were then analyzed by Southern blot (Fig. 2) . While addition of a denaturant such as SDS stops the reaction by 'freezing' top1 cleavage complexes (11) , high salt concentration (0.5 M NaCl) is known to reverse top1-mediated cleavage by inducing the religation step of the reaction (24, 30, 31) . Formation of top1-linked DNA intermediates, such as double-stranded linear forms of the DHBV DNA, can be evidenced by an absence of reversal in the presence of high salt concentration, due to the inability of such aborted (or suicide) products to undergo religation.
Densitometric analysis of the top1 reaction products revealed the rapid production of a single major species of DNA that comigrated with the double-stranded linear (DSL) DHBV DNA (Fig. 2) . The time-course of appearance of the linear DHBV DNA species was basically the same whether 0.5 M NaCl or 1% SDS was used to stop the reactions (Fig. 2) . As seen in Figure 2 , ∼60% of the OC DHBV molecules were linearized after 30 min and no further linerization was detected, even after 3 h of incubation with top1 (data not shown). We reasoned that accumulation of the DSL species of DHBV DNA in the reactions stopped with 0.5 M NaCl (Fig. 2 ) was due to cleavage of OC molecules that were not readily religated due to their linearization.
The inability of top1 to fully convert OC DHBV DNA into linear molecules could be due to the rapid loss of enzyme activity or to top1-mediated modification of OC DNA, making it no longer susceptible to linearization. To address this question, a further 200 U of top1 were added to additional reaction mixes after the 30 min of incubation. Linearization of DHBV DNA remained incomplete after 60 min incubation (data not shown). These data supported the hypothesis that top1 could modify OC DHBV molecules in such a way that they were no longer susceptible to linearization. One mechanism for this effect would be circularization of minus strand DNA. Experiments to map the plus strand top1 cleavage site in complete DHBV virion DNA and also test for minus strand linkage are in progress, and will be reported elsewhere.
A topoisomerase I cleavage site on the plus strand maps to the 3′ side of DHBV nt 2528
We designed synthetic oligonucleotides to test whether top1 cleavage occurred at the predicted site in the hexadecameric sequence of the DHBV DNA plus strand. We constructed two sets of oligonucleotides to mimic either the structure of the region in OC virion DNA (Fig. 3A) , or in CCC DHBV DNA (Fig. 3B) . We labeled the 3′ end of the plus strand in each construct and carried out reactions in the presence or absence of high NaCl, or camptothecin (CPT), or both. CPT specifically inhibits the religation step of the top1 nicking-closing reaction by binding to the DNA-top1 cleavage intermediate (32) .
These experiments enabled us to map the plus strand top1 cleavage site in both constructs tested (Fig. 3A and B) . The size of the unique reaction product was 23 bp and this mapped to cleavage on the 3′ side of DHBV nt 2528. This corresponds exactly to the expected cleavage site, by analogy with the original hexadecameric sequence (Fig. 1D) . In the OC substrate in Figure 3A , plus strand cleavage would lead to spontaneous separation of the reaction intermediates (as it would in intact 
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DHBV DNA), which further prevent religation in the presence of salt as shown in Figure 3A (compare lanes 2 and 3). The addition of CPT did not enhance the cleavage reaction, as would be expected for suicide reactions (Fig. 3A, lanes 4 and 5) . In contrast, top1 cleavage of the fully duplex oligonucleotide mimicking the CCC DNA substrate across the same region was greatly enhanced by CPT and was reversible in the presence of high salt as previously shown for equivalent substrates (13, 24, 31) . This result is consistent with established mechanisms in which CPT stacks into the DNA at top1 nicking sites and inhibits the religation reaction (33) (34) (35) .
Mapping of topoisomerase I cleavage sites in oligonucleotides mimicking the DHBV minus strand
In order to test whether top1 could be involved in the linearization of the minus strand, due to its recombinase activity, we first investigated whether top1 was able to cleave the DHBV DNA minus strand. To map these potential top1 cleavage sites, we separately labeled both strands (22mer and 24mer in Fig. 1C ) with [α-32 P]cordycepin on the 3′ end. No cleavage was detected on the 24mer minus strand (data not shown). However, analysis of the top1 cleavage sites in the 22mer (23mer with the 3′-label) minus strand revealed five bands in the 3′ copy of 'r' (Fig. 4A) . These positions correspond to the sites marked with five arrows in Figure 5B .
We also conducted experiments to determine whether top1 could cleave the same sites in the minus strand when the sequence was in the fully double-stranded conformation. We did not observe cleavage under such conditions even upon addition of CPT (data not shown). These results indicated that top1 can cleave the minus strand both within and in the close vicinity of the 'r' region.
Topoisomerase I-mediated recombination of the DHBV minus strands
The failure of top1 to completely linearize OC DHBV DNA (Fig. 2 ) led us to investigate other possible top1-mediated structural changes in DHBV DNA. One mechanism by which top1 could render OC DHBV DNA resistant to linearization would be by removing the terminal redundancy, 'r', in the minus strand and producing an intact minus strand across the region via a religation/recombination reaction. To test this possibility, we labeled the 5′ end of the 22mer minus strand oligonucleotide and reacted this three-strand flap substrate (Fig. 4B ) with top1. To investigate which termini could be involved in the top1-mediated recombination reaction, we placed either a hydroxyl (OH) or a phosphate (P) at the 5′ ends of the fragments at the X or Y positions shown in Figure 4B . Analysis of the reaction products revealed the production of four recombinant molecules only when the X moiety was a 5′-OH (Fig. 4B, arrows 1-4) . Bands 1 and 4 represented the major recombinant products (45 and 36%, respectively) whereas both bands 2 and 3 (wild-type sequence) represented ∼10% of the recombinant products. As expected, migration of recombination products was not affected by proteinase K treatment conversely to the top1-linked intermediates which disappeared from the wells after top1 digestion by proteinase K (Fig. 4B, compare lanes 2 and 3) . This demonstrates that the presence of the 5′-OH terminus of the 'r' sequence is required for top1-mediated recombination and confirms that top1 cleaves at specific sites in the 3′ end of the minus strand. The four recombinant DNA molecules were designated 1-4 from the smallest to the largest. Their length varied between 37 and 40 nt (Fig. 4B ).
Sequence analysis of minus strand recombination products
To analyze the top1-mediated recombination products of the minus strands, we excised the bands from the gel shown in Figure 4B and directly sequenced each of these products using the Maxam-Gilbert purine sequencing technique (Fig. 5A) . As a control, a 5′-labeled full-length minus strand was sequenced in the same conditions (Fig. 5A, lane C) . This analysis showed that the smallest 35 bp recombinant band contained a minus strand with a 2 bp deletion (Fig. 5A, lane 4) . The 37 nt middle band contained a wild-type DHBV sequence, indicating cleavage of the 3′ 'r' of the minus strand between nt 2537 and 2538 (position 3, Fig. 5B ) and ligation to the 5′-OH on nt 2537 of the 5′ end of the minus strand (Fig. 5A, lane 3, and B, arrow 3) . The largest 40 bp band contained a 3 nt insertion within the 'r' region, and the 38 bp fragment contained a 1 bp insertion. We propose that these recombination products result from an initial top1 suicide cleavage at the 3′ end of the minus strand between nt 2537/2536 and 2534/2533 (arrows 1 and 2 in Fig. 5B, respectively) . Religation of these suicide intermediates with the 5′ end of the minus strand would generate the recombination products that would correspond to a circularization of the minus strand in virion DNA.
DISCUSSION
Minus strand circularization
In this report we have characterized in vitro enzymatic activities of top1 on DHBV DNA. The in vitro top1 activities carry out structural alterations that could have major regulatory consequences for viral DNA replication if they occur in vivo. An early major structural alteration in DHBV DNA during infection is covalent circularization of minus and plus strands. For minus strands, this cannot occur unless the terminal protein, covalently bound to the 5′ end of the minus strand, is removed. In vivo data on the circularization of DHBV DNAs demonstrated that the required enzymatic activity for removing the terminal protein is present in hepatocytes (36) . Our work allows us to think that top1 is one potential cellular enzyme candidate that could carry out the minus strand circularization once the terminal protein is removed. This does not exclude, however, that other DNA processing enzymes such as FEN-1 (flap recombinase) in combination with a ligase could also be responsible for DHBV three-strand flap processing in vivo.
The essential features of the top1 reactions include cleavage of the 3′ end of the minus strand at one of several positions spanning nt 2542-2535 downstream and within the 'r' (Fig. 5B) . These cleavages would produce short, 6-13 bp 3′-end minus strand oligonucleotides that must be removed before ligation with the 5′ end can occur. In our experiments, a 5′-OH at the end of the minus strand (nt 2537) served as the acceptor for the 3′-covalentlybound top1 located at the newly cleaved 3′ ends of the minus strand. The ligation reactions produced wild-type recombinants as well as mutants with either 1 or 3 bp duplications or a 2 bp deletion within the 'r' and DR1 (Fig. 5) .
Interestingly, a precedent exists for high frequency non-homologous recombination in the 'r' region of DHBV. Using a mutant DHBV, which synthesizes only DSL DHBV viral DNA molecules, Yang and Summer (36) observed the circularization of DSL DHBV DNA molecules leading to the production of wild-type and mutant CCC DHBV DNAs in a process called 'illegitimate replication' in primary duck hepatocytes. One general finding of their work was that the 5′ end of the minus strand (2537) was present in 34% the recombinant DHBV DNA molecules. This is consistent with our finding that the presence of a 5′ hydroxyl at Figure 4B . Four bands corresponding to #1 = 39 bp (3 bp duplication), #2 = 38 bp (1 bp duplication), #3 = 37 bp (wild-type) and #4 = 35 bp (2 bp deletion), were sequenced. DNA bands were cut out from the gel, eluted in 1× TBE buffer overnight, phenol-extracted and ethanol-precipitated prior to purine sequencing. Middle lane (C) corresponds to a 5′-end-labeled full-length minus strand oligonucleotide that was sequenced under similar conditions as a control. (B) DNA sequence across DR1 and 'r' in which the recombination sites at the 3′ end of the minus strand are indicated by arrows.
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the terminal G residue (nt 2537) was required for linkage to the 3′ top1 cleaved minus strand end in our simulated circularization reaction using synthetic oligonucleotides.
Another feature in common between our work and that of Yang and Summers (36) is the production of recombination joints with short 1-3 bp duplications and 2 bp deletions. In fact, each of the top1-generated recombination joints that we observed corresponds exactly to one of the in vivo generated recombinants reported by Yang and Summers ( figure 10 in ref. 36) . Certainly, structural and sequence differences exist between the DSL DHBV molecules in the Yang and Summers experiments. However, the production of structurally identical junctions suggests that our in vitro model may be relevant to the in vivo processing of DHBV DNAs.
Plus strand cleavage
The plus strand cleavage activity of top1 at the 3′ side of nt 2528 has the potential to act as a double-edged sword. For example, top1 cleavage at this site in OC DHBV DNA, before circularization of the minus strand, can lead to linearization of the molecule and could eliminate the virion DNA from the DHBV replication cycle. On the other hand, after CCC DHBV DNA is produced, transcription of the essential pregenome RNA from the minus strand is initiated at nt 2529 opposite the 2528 top1 cleavage site in the plus strand. Since top1 has also been linked to recruitment of components of the Pol II initiation complex to transcription initiation sites (37) (38) (39) , this cleavage activity could have regulatory functions in transcription of CCC DHBV DNAs.
DHBV DNA integration
When the in situ priming mechanism for synthesis of DSL DHBV molecules was described, the authors speculated that DSL DHBV DNAs might serve as integration substrates (40) . This hypothesis has been supported by recent data showing that an LMH cell line that replicates only DSL DHBV acquires DHBV integrations at a much higher frequency than comparable cells replicating WT DHBV (41) . The data in this report demonstrate that it is also possible to produce linear DHBV DNAs as a result of top1-mediated DNA cleavage. For example, double cleavage of DHBV virion DNAs at nt 2528 of the plus strand and at positions 2537 and 2536 of the minus strand would produce a linear molecule with reactive top1 molecules at each end. These molecules could also serve as integration substrates. In fact, in in vitro reactions, top1 was previously shown to link WHV virion DNAs with cellular acceptor sites (25) . While some data support a possible role for top1 in DHBV integration, additional nucleic acid enzymes most likely also participate in the integration mechanism (42) .
